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Cobalt has a vital role in the manufacturing of reliable and sustainable clean energy technologies.
However, the forecasted supply deficit for cobalt is likely to reach values of 150 kT by 2030. Therefore, it
is paramount to consider end-of-life devices as secondary resources for cobalt. Electrorecovery of cobalt
from leached solutions has attracted attention due to the sustainability of the recovery process over
solvent extraction followed by chemical precipitation. Recently, we reported Co electrorecovery from two
different cobalt sources (CoCl,-6H,O and CoSO,4-7H,0) using ethylene glycol: choline chloride (EG: ChCl)
in a 4.5:1 molar ratio, leading to higher purity and easier electrodeposition when sulfate was present as an
additive. Here, Co®* speciation is reported for the two EG: ChCl systems depending on the cobalt source
using several spectroscopic techniques (e.g. NMR, EPR, FTIR) in combination with molecular dynamics
simulations. Monodentate coordination of SO~ to Co®*, forming the tetrahedral [CoCl5(SOL)I>~ was
observed as the dominant structure in the system containing CoSO4-7H,O, whereas the system
comprising CoCl,-6H,O shows a homoleptic tetrahedral [CoCl,J?~ as the dominant structure. This
resulted in knowledge being gained regarding Co?* speciation and the correlation with electrochemistry

rsc.li/pccp

Introduction

Cobalt is listed as a critical metal due to its scarcity and
important role in developing clean energy, as it is one of the
key metals in Li-ion battery (LIB) cathodes. The demand for
LIBs is expanding due to the ever-increasing demand for
consumer electronics and electric vehicles, thereby leading to
a large volume of spent LIBs as waste. Recent research publica-
tions have projected that by 2030, more than 11 million tonnes
of spent LIBs will reach their end of life."” This is a significant
problem as spent LIBs contain toxic and flammable chemicals
as well as metals, including cobalt that can create a serious
impact on human health and the ecosystems.® The current
recovery process of cobalt from spent LIB cathodes is mainly
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will contribute to the science required for designing safe electrolytes for efficient electrorecovery.

based on hydrometallurgical methods involving leaching
(using traditional concentrated acids or alkali), separation
steps (e.g., solvent extraction, ion exchange resins), and product
recovery steps (e.g., precipitation, electrodeposition).®>

The use of deep eutectic solvents (DESs) for metal recovery has
received a great deal of attention since they can be safer and more
environmentally friendly compared to conventional solvents such
as H,SO,, HNO;, and HCI, which are currently used in metal
recovery.”® DESs can be easily tuned by mixing different hydro-
gen bond donors (HBD) and hydrogen bond acceptors (HBA) to
form a liquid at room temperature.'® Moreover, the suitability of
DESs for the electrochemical deposition of cobalt has been
illustrated using several DESs in the recovery process.'™"°

Recently, we have investigated the electrochemical recovery of
Co using two model Co sources (CoCl,-6H,0 and CoSO,-7H,0)
in three solvent systems containing different EG amounts (67
molar%, 82 molar%, and 100 molar%) in a mixture with choline
chloride to study the role of EG. 82 molar% EG with ChCl
(EG:ChCl in 4.5:1 molar ratio) led to an easier reduction of
Co®" compared to the 2:1 (67 molar% EG) system.'” These Co
sources were chosen based on the possible anions in the
solution after leaching the spent LIBs with the most common
acids (HCI and H,S0,) in hydrometallurgy. This previous study
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showed clear differences in the electrochemical behaviour of
the two systems, indicating the likely existence of different
speciation for Co®>". The sulfate system (0.1 mol L' CoSO,-
7H,0 in EG : ChCl (4.5 : 1)) showed more positive Co®>" reduction
potential, stable electrodeposition for 45 minutes (constant
current density with time), and higher metallic Co content
in the electrodeposit in comparison to the chloride system
(0.1 mol L™ CoCl,-6H,0 in EG:ChCl (4.5:1))."” Both systems
showed similar physicochemical properties such as viscosity and
ionic conductivity even though the water contents differed, with
a higher content for the sulfate system (chloride system: <4000
ppm and sulfate system: <7500 ppm), which interestingly did
not translate into a higher content of side products (Co(OH),) in
the electrodeposits. Therefore, we hypothesised that the above-
mentioned differences in the electrochemistry of the two sys-
tems could be due to the differences in Co** speciation in the
bulk. Hence, in-depth speciation studies for Co®" are required to
understand the differences in the bulk of the two systems and,
thus, their impact on the electrochemistry. The correlation
between the electrochemistry and speciation of metal ions such
as Nd, Na, Cu, and Co in ILs,"* > and Zn, Te, I, Ni, and U in
DESs,”**' have been previously reported.

Speciation can be investigated using analysis techniques to
identify or quantify a chemical species in a sample. Ultraviolet-
visible (UV-vis) and Fourier transform infrared (FTIR) spectro-
scopies are the most reported analytical techniques used to gain
knowledge on Co>* speciation in the literature.'"**** UV-vis
analysis of Co®" in ChCLEG (1:2), ChClcitric acid (2:1) and
ChCl:organic acid (e.g lactic, malonic, succinic, glutaric, glycolic
acids) in a 1:1 and 1:2 molar ratio have shown three signature
bands of the tetrachlorocobaltate(u) anion (tetrahedral) between
600-700 nm, irrespective of the chemical nature of the HBD.*?
However, Co’* in ChClurea (1:2) and aqueous dilutions of
p-tolunesulfonic acid:ChCl (1: 1) has shown only one broad band
(at Amax 638 nm and ~515 nm respectively) which corresponds
to an octahedral Co**.*** On the other hand, FTIR spectro-
scopic analysis of Co®" in ChCl:lactic acid (1:1) and ChCl:urea
(1:2) has been used to understand the coordination of Co** in
DESs. A new band at 2208 cm ™" has been identified upon adding
Co®" in ChCl:urea (1:2) compared to the neat DES. This new
absorption band has been attributed to the Co-O bond,**
confirming the coordination of urea with Co".

Speciation can be affected by factors such as the presence of
additives, e.g., water. A study was carried out by Amphlett et al.
on the effect of increasing water content on the speciation of
Co®" in three DESs (EG:ChCl in 2:1, urea:ChCl in 2:1, and
malonic acid:ChCl in 1:1).%® They have shown that with less
than 20 weight% of water, Co>* in all three DESs presents
tetrahedral geometry. Once the water content was increased up
to 50 wt%, the speciation of Co®" changed from tetrahedral to
octahedral geometry.

Molecular dynamics (MD) simulations can provide comple-
mentary atomic-scale insights into the coordination of Co>*
in these complex liquid environments. Computational studies
on neat EG:ChCl (2:1) have been reported previously.>”°
Bezerra et al. reported outcomes of force-field MD (FFMD)
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simulations of CoCl,-6H,0 in EG:ChCl (2:1) and found that
the Co®>" interacted strongly with Cl~ independent of
temperature,’® as expected due to the chlorophilic nature of
Co**.*2 1t has also been reported that the Co-Cl coordination
number increased with higher temperatures (333 and 353 K).*°
However, to date, no simulations of the EG:ChCl (4.5:1)
composition have been reported, nor have any simulations of
this DES containing both Co®*, chloride and the additives
present in our system (e.g. sulfate ions, ethylene glycol, water).

Therefore, this work investigates the speciation of Co®" in
two systems (0.1 mol L™ CoCl,-6H,0 in EG: ChCl (4.5:1) and
0.1 mol L™' CoSO47H,0 in EG:ChCl (4.5:1)) using UV-vis
spectroscopy, FTIR spectroscopy, electron paramagnetic reso-
nance (EPR) spectroscopy, nuclear magnetic resonance (NMR)
spectroscopy and MD simulations. Our results reveal that even
when SO,>~ (Co®>":S0,>7, 1:1) is present in a significantly
lower concentration compared with CI~ (Co®':CI~, 1:26), it
could still be coordinated to Co®" together with 3 Cl1~, forming a
mixed ligand coordinated tetrahedral complex that eases the
Co electrodeposition. This mono-coordination of SO,>~ to Co**
in the sulfate system has been corroborated using FTIR spectro-
scopy and MD simulations, whereas "H NMR spectroscopy has
clearly shown a significant difference in the chemical environ-
ment between sulfate and chloride systems. Hence, this study
demonstrates new insights into the tunability of the electro-
chemical behaviour of Co>* based on the chemical composition
of the electrolyte.

Experimental

Materials and solution mixtures

Cobalt chloride hexahydrate, CoCl,-6H,O with 98% purity,
cobalt sulfate heptahydrate, CoSO,-7H,O with >98% purity,
anhydrous ethylene glycol with 99.8% purity, and choline
chloride, with >98% purity were purchased from Sigma-
Aldrich. All chemicals were used as received.

The solvent system was prepared by mixing ethylene glycol
(EG) and choline chloride (ChCl) in a 4.5:1 molar ratio and
stirring at 500 rpm for 2-3 h at room temperature in a fume
hood until a clear and homogeneous solution was obtained. Two
solution mixtures were prepared by adding CoCl,-6H,0 and
C0S0,-7H,0 salts to obtain 0.1 mol L™" in EG:ChCl (4.5:1).
(0.0242 g of CoCl,-6H,0 and 0.0281 g of CoSO,7H,O were
dissolved in 1.0 mL of solvent system). Solutions were stirred for
1 h at 50 °C in an Arfilled glovebox (Kiyon, H,O, and O,
<0.1 ppm) until homogeneous solutions were obtained.

Ultraviolet-visible (UV-vis) spectroscopy

A UV-vis spectrophotometer (UV-2600, SHIMADZU) was used to
identify the coordination geometry of Co** in each solution
mixture. UV spectra were obtained before and after diluting the
solution mixtures (0.001 mol L™, 100 times to lower concen-
trations) with the solvent system consisting of EG : ChCl (4.5:1)
to avoid saturation of the absorbance and performing a
wavelength scan.

This journal is © the Owner Societies 2024
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Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of the samples were recorded using a PerkinEl-
mer Frontier spectrometer, with the background being measured
under identical conditions (4000-500 cm™*, 4 cm™ " resolution,
and 32 scans) at room temperature. The spectrometer was
equipped with a Golden Gate Diamond ATR stage with a heating
option. The detachable top plate of the stage’s specially designed
anvil attachment prevented the sample from being exposed to
atmospheric moisture after loading the samples inside a glovebox.
The spectra were ATR-corrected, and baseline corrected.

Electron paramagnetic resonance (EPR) spectroscopy

The EPR measurements were performed at room temperature
using an ADANI CMS 8400 X-band bench-top EPR spectro-
meter. Samples were placed into quartz glass capillary tubes
with a 4 mm diameter. Typical instrument settings were center
field: 334 mT, sweep width: 250 mT, modulation amplitude:
200 pT, power attenuation: 12 dB, and sweep time: 50 s. The
average signal after 50 scans was plotted for each sample. The
background was corrected using Origin.

Nuclear magnetic resonance (NMR) spectroscopy

"H NMR spectra of the samples were measured using a Bruker
Avance III 500 MHz spectrometer at room temperature.
Samples were filled into 3 mm capillary tubes and inserted
into 5 mm NMR tubes filled with D,O after heat sealing.

Force-field molecular dynamics (FFMD) simulations

Force-field molecular dynamics (FFMD) simulations of Co®" in
the DES were conducted using GROMACS software.** The opti-
mized potentials for liquid simulations - all atom (OPLS-AA)
force field with Doherty et al’s scaled parameters for the EG:
ChCI (2:1) were used.***® Sulfate ion parameters were taken
from Cannon et al. and were also scaled.*® Three liquid compo-
sitions were modelled in total, all with a 4.5:1 molar ratio: two
compositions were modelled with CoSO, salt (at two different
concentrations: one at a higher concentration (Co>*: EG, 1:45)
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and one at the lower (Co>":EG, 1:120) similar to the experi-
mental concentration) and one with CoCl, salt (at a higher
concentration only), summarised in the ESIL{ Table S1. These
systems were subjected to equilibration under an isothermal-
isobaric ensemble (NPT) at 1 bar for 10-20 ns until a stable
density was achieved. Following this step, the liquid was thor-
oughly mixed using simulated annealing (SA). The complexity of
the mixture led to several adjustments of this computational
mixing protocol (details are given in the ESIt). Convergence of
the relevant radial distribution functions was used to determine
the appropriate number of SA cycles required to ensure thorough
mixing. Production runs were performed in triplicate, with
different initial atomic coordinates in each case, and comprised
100 ns at 300 K in the NVT ensemble at the equilibrium density.
Frames were saved every 10 ps. Analysis of coordination num-
bers and hydrogen bonding used in-house python codes were
then used in MD analysis.*”*® Full details, including liquid
compositions, are provided in the ESL¥

Ab initio molecular dynamics (AIMD) simulations

Ab initio molecular dynamics (AIMD) simulations were also used
to investigate these liquids. Due to their basis in density func-
tional theory (DFT), AIMD is more computationally intensive
than FFMD and therefore is constrained by relatively smaller
system sizes to ensure appropriate simulation timescales can be
achieved. To generate the initial configurations for AIMD, a
small system comprising 1 Co>* atom, and the respective num-
ber of molecules (703 atoms, compared with ~22 000 atoms for
the FFMD simulations) was prepared using FFMD simulations to
ensure these smaller samples matched the liquid density
obtained from the larger-sized FFMD simulations (details in
the ESL{ Table S2). Spin-polarized AIMD simulations were
performed using the Vienna Ab Initio Simulation Package
(VASP),*® with the PBE functional,*® along with projector aug-
mented wave potentials.*>*' > The temperature was controlled
using the Nosé-Hoover>*>® thermostat at 300 K. The two systems
were run for 21 ps of dynamics with a timestep of 1 fs.
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Fig. 1 UV-vis spectra of 0.001 mol L™ (a) CoCly-6H,0 in EG: ChCl (4.5 : 1) and (b) CoSO4-7H,0 in EG : ChCl (4.5 : 1), the wavelength of each band, colour
in the original solution mixture (0.1 mol L™%) and hypothesised Co?* tetrahedral coordination in the sulfate system.
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Results and discussion

UV-vis analysis was conducted to investigate the coordination
geometry of Co>". The blue colour of both systems indicates a
tetrahedral coordination geometry, which was also corroborated
by UV-vis spectra showing three signature bands between 600-
700 nm>>**°° (Fig. 1). Tran et al. reported [CoCL,J*~ is indicated by
the three signature bands at 630, 667, and 696 nm in the EG : ChCl
(2:1) solvent after leaching LiC00,.** In our study, the two
systems had to be diluted 100 times with EG: ChCl (4.5: 1) before
the analysis to avoid the saturation of the absorbance,"” and no
colour change was observed upon dilution, indicating that the
tetrahedral geometry of Co>" was maintained. However, the UV-vis
spectra of 0.1 mol L' Co*', prior to dilution, shows a small
proportion of octahedral Co®" (Amax = 531 nm) in both systems
together with the dominant tetrahedral Co®" as shown in Fig. S1
(ESI¥). Recently an octahedral structure [Co(EG)s]*" was reported
at Amax = 534 nm, which is slightly different from the value that we
observe.”” This difference may be related to a different octahedral
speciation in our system, which may combine EG and other
ligands available in the DES mixture.

Moreover, the blue colour was maintained in both systems
when heated at 50 °C, in which the electrochemical experi-
ments were performed, indicating that Co>" tetrahedral coor-
dination remained at 50 °C.

[CoCl,*~ is the most commonly reported tetrahedral structure
for Co*" in chloride-containing media; however, it has been
reported to be electrochemically inactive.>*** As we have reported
the successful reduction of Co®* to cobalt metal in a chloride rich
environment that contained other additives (e.g. EG, water, and
sulfate anion),'” it is plausible that those additives or other
molecules such as sulfate and/or EG could be part of the solvation
sphere in addition to chloride while maintaining the tetrahedral
coordination geometry in the undiluted systems.'” To investigate
this, several spectroscopic techniques were used, as described
below, to investigate the chemical nature of the coordinated
ligands and the speciation of Co®* in the two systems.

EPR spectroscopy

EPR spectroscopy is a valuable analytical technique to detect
different chemical environments in paramagnetic transition
metal complexes (ie., cobalt), including its coordination
geometry.>® Unfortunately, there is a lack of EPR spectroscopy
studies of Co®" chemical environments in DESs. The EPR spectra,
as shown in Fig. S2(a) (ESIt), arise from the interaction between
the external magnetic field and magnetic moments of unpaired
electrons in the systems, according to the Zeeman interaction.®

Paramagnetic metal ions can exhibit different g values
depending on the orientation of the metal complex in the
applied magnetic field.”® Therefore, the g factor was calculated
for the chloride and sulfate systems using eqn (S2), and plotted
as shown in Fig. S2(b) (ESI¥).

Both systems showed similar g values (2.4) which lie in the
region expected for tetrahedral Co”" complexes (g = 2.2-2.4) in
agreement with the UV-vis spectra.”>®® However, there is no
significant difference between the spectra of the two systems
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that can provide information regarding the chemical nature
of the ligands that are coordinated to Co>*. This may be due
to the very fast spin lattice relaxation of Co** leading to line
broadening,® and the lower sensitivity of this technique when
using a high dielectric solvent (dielectric constant of EG = 37) at
room temperature. However, we also need to consider that the
changes in speciation between the two systems may be too
small to be detected accurately by EPR spectroscopy.

FTIR spectroscopy

FTIR spectroscopy is a useful technique to investigate the
solvation environment of metals in the solvent system under
study. First, the solvent system, EG:ChCl (4.5:1) and its
individual constituents (EG as the hydrogen bond donor
(HBD) and ChCl as the hydrogen bond acceptor (HBA)) were
analysed using FTIR as shown in Fig. S3 (ESIT). Details of the
spectral bands are provided in the ESL}

Subsequently, the cobalt-containing systems were analysed
using FTIR spectroscopy, as shown in Fig. 2, and compared
with the neat DES. The spectra showed no significant changes
in the band’s position compared to the neat solvent systems.

In our previous study, we observed that the mixtures contain-
ing a small concentration of sulfate anions, in conjunction with
chloride anions, favoured the reduction of Co>*.'” Therefore, here
we focused our attention on the S-O vibration region to under-
stand the role of sulfate in cobalt electrochemistry. According to
the literature, the free sulfate anion has tetrahedral symmetry
with four internal fundamental vibrational modes: symmetric S-O
stretching, asymmetric S-O stretching, symmetric O-S-O bend-
ing, and asymmetric O-S-O bending. However, only the bands
corresponding to asymmetric S-O stretching (1102 cm™") and
asymmetric O-S-O bending (611 cm™ ") are active and within the
range of the FTIR spectrometer.®'~**

On the other hand, a coordinated sulfate anion shows a
splitting of the asymmetric S-O stretching band to two or three
bands depending on the coordination denticity, allowing the
weak symmetric S-O stretching band to become IR active.

C0S0,.7H,0
in EG: ChCI
on 4501

2873
CH
stretching c-0

O-H
stretching

3307
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Fig. 2 FTIR spectra of EG: ChCl (4.5 1) (bottom), 0.1 mol L™ CoCl,-6H,0

in EG:ChCl (4.5:1) (middle) and 0.1 mol L=* CoSO,4-7H,0 in EG:ChCl
(4.5:1) (top) analysed at room temperature.
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Therefore, three bands in total exemplify the monodentate
coordination, whereas four bands are present for bidentate
coordination with an additional peak at ~1200 cm™*.%%%®
Several authors reported the three bands for monodentate
coordinated sulfate in different complexes; [Co(NH;3)5SO,]-Br,
[Cr(OH,)sS04Cl]-0.5H,0 and FeSO," in the range 970-
980 cm ™', 1040-1059 cm ™' and 1122-1130 cm ™" for symmetric
S-O stretching, and two asymmetric S-O stretching bands
respectively.®"®® However, here, the FTIR spectrum of the
sulfate system was not clear as an overlapping with the bands
of the neat solvent system occurred. Therefore, a higher
concentration of CoSO,-7H,0 was added to EG:ChCl (4.5:1),
and Fig. 3 depicts the sulfate region of interest.

The concentration of CoSO,-7H,0 was increased by more than
10 times while maintaining the Co:sulfate ratio at 1:1. An
increase in the relative intensity of the band at 1132 cm ™', a small
new band at 974 cm™ ' and a change at 1064 cm ™, were observed
upon increasing the sulfate salt in the DES mixture (Fig. 3).
Interestingly, there was no increase in the relative intensity of
the band at 1200 cm ™, which originates from the solvent system,
EG:ChCl (4.5:1). All these observations suggest a possible mono-
dentate coordination of the sulfate anion with Co**. Moreover, the
relative intensity of the asymmetric O-S-O bending vibration band
at 608 cm ' also increased with the increase in CoSO47H,O
concentration, suggesting the presence of free sulfate in the sulfate
system.®”®® This can be related to the large excess concentration of
CoS0,-7H,0 in the DES mixture. FTIR spectroscopy was also
performed for the 1.4 mol L™' of CoSO47H,O in EG:ChCl
(4.5:1) at 50 °C, at the same temperature as the electrochemical
experiments were performed (Fig. S4, ESIT). No changes were
observed between the spectra at room temperature and at 50 °C,
indicating similar Co*" speciation at those temperatures.

"H NMR spectroscopy

"H NMR spectroscopic analysis was conducted to further inves-
tigate the possible interaction of Co®" with the EG: ChCl (4.5:1)

Transmittance (a.u.)

—— EG:ChClI (4.5:1)

—— 0.1 mol L' CoS0,.7H,0 in EG:ChClI (4.5:1)
1 mol L' CoS0,.7H,0 in EG:ChCI (4.5:1)

—— 1.4 mol L' C0S0,.7H,0 in EG:ChClI (4.5:1)

1300 1200 1100 1000 900 800 700 600 500

Wavenumber/ cm™

Fig. 3 FTIR spectra of EG:ChCl (45:1), 0.1 mol L%, 1 mol L™%, and
1.4 mol L™ of CoSO47H,0 in EG:ChCl (4.5:1) analysed at room temperature.
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under study. Similar to the FTIR spectroscopic analysis, the
individual constituents of the solvent system, EG and ChCl, and
the solvent system, EG:ChCl (4.5:1), were analysed using
'H NMR spectroscopy at room temperature, as shown in
Fig. S5 (ESIt). For these measurements, the chemicals were
introduced in a flame sealed 3 mm capillary inside a 5 mm
conventional NMR tube which contained D,O for field lock and
accurate referencing of chemical shifts of the samples. This
setup was also used to avoid the interaction of Co®" with the
D,O, which would have affected the field locking or referen-
cing, thereby maintaining the accuracy of the experimental
analysis. In the case of ChCl, due to its solid state, the sample
was dissolved in D,0O.

A detailed analysis of the "H NMR spectra was performed to
identify the protons in the solvents and possible interactions in
the DES and are provided in the ESL}

'"H NMR spectroscopy was then performed for EG:ChCl
(4.5:1) in the presence of the two Co salts under study to
investigate the effect of the salt chemistry on the Co coordina-
tion (shown in Fig. 4 and Fig. S7, ESIf) using the same
experimental setup as described above.

In general, a broadening and shift to high ppm values of all
the peaks were observed, consistent with the presence of a
paramagnetic complex in the two Co containing systems com-
pared to the neat EG: ChCl (4.5:1).°7" All the chemical shift
values of protons in the neat solvent system and the two Co
containing systems are given in Table 1.

The aliphatic protons (x) of EG in both systems showed a
significant increase in the shift to high ppm values from the
neat solvent system (by 4.21 ppm and 4.49 ppm for chloride
and sulfate systems, respectively), compared to the protons of
ChCl, suggesting a probable coordination of EG with Co>".
However, the extent of the peak shift to high ppm values for
all the peaks, and the broader peaks from EG in the sulfate
system compared to the chloride system, indicate a shorter
average distance to the paramagnetic center (Co>") in the
sulfate system.”® For instance, in the sulfate system, the ali-
phatic protons (x) and hydroxyl protons (z) of EG show broader
peaks overlapping the protons (b) and (a) of ChCl compared to
the chloride system. Therefore, proton shifts in the sulfate
system have been affected more by the paramagnetic properties
of Co®" than in the chloride system, indicating a difference in
the chemical environment between the two systems based on
the type of Co salt. This suggests a higher probability of EG
coordination to Co** in the sulfate system compared to the
chloride system. However, this EG coordination to Co*" in the
sulfate system was not observed from FTIR analysis, likely
reflecting differences in the sensitivity of the two techniques.

Molecular dynamics simulations

Both force field molecular dynamics (FFMD) and ab initio
molecular dynamics (AIMD) simulations were conducted to
gain more insight into the speciation of Co® in the two systems
under study. Two scenarios were studied for the EG:ChCl
(4.5:1): one with CoSO, salt and one with CoCl, salt, with the
number of different molecule types summarized in the ESIf
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ChCl (4.5:1) (top) analysed at room temperature.

(Table S1). The FFMD simulations are more approximate and
more computationally economical, whereas the AIMD simula-
tions are potentially more accurate and relatively computation-
ally expensive. The FFMD simulations allow consideration of
larger system sizes over longer timescales, whereas AIMD is
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confined to smaller system sizes and short timescales. The
AIMD simulations have been used here to explore the stability
of structures identified using the longer, larger, but more
approximate FFMD simulations. Both sets of simulations were
designed to predict the equilibrium structures of the Co/liquid
complex.

Force field molecular dynamics simulations

Theoretically, there are 120 EG molecules for every Co>" in the
EG:ChCl (4.5:1) system corresponding to a concentration of
0.1 mol L™ " of Co>". However, to allow for reasonable sampling
of possible structures, the systems were initially studied using
FFMD simulations at a higher concentration of 1 Co®" to 45 EG.

First, the liquid density was compared with experiment to
validate the force fields used in the FFMD simulations.*>**7>
The experimental density (1.1157 g cm>) tallied favourably
with the simulated bulk density (1.115 g cm °) at 300 K.
Following this, the average coordination environment of the
Co®" was quantified as shown in Fig. 5.

For this analysis, coordination of the Co®" site to each
relevant component of the solvent was defined by a cut-off
distance in each case, established using radial distribution data
(Fig. S8, ESIt). Coordination analysis of the Co®>*~Cl first shell
(Fig. 5a) revealed an almost exclusive preference for a 4-
coordinated arrangement in the chloride system that was
confirmed to be tetrahedral and is consistent with the experi-
mental UV-vis and EPR data. In contrast, the sulfate system
supports a relatively marked increase in the 3-coordinated
chloride population counterbalanced with a decrease in the
proportion of 4-coordinated complexes, suggesting another
species has replaced a chloride ion in the first shell. Since
the coordination of EG and water is not dominant (Fig. 5b and
c), the replacement of a chloride in the sulfate system is due to
coordination by a single sulfate (Fig. 5d).

This [CoCl;S0,4]*~ complex is predicted to comprise ~30%
of the sample in the sulfate system, supporting the hypothesis

Table 1 Chemical shift values of protons in EG : ChCl (4.5:1), 0.1 mol L™ CoCl,-6H,0 and 0.1 mol L™ CoS$0O4-7H,0 in EG: ChCl (4.5 : 1) and the extent of

chemical shift from the EG: ChCl (4.5:1) for the chloride and sulfate system

z X
H
X z
cHy!
2 b I1I,C1-l§
HO/\‘/@\CH}d Chemical shift of Chemical shift of Chemical shift of Chemical shift of Chemical shift of Chemical shift of
& ) the protons “d”  the protons “c”  the protons “b” the protons “a” the protons “x”  the protons “z”
cl (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
EG:ChCl (4.5:1) 3.30 3.64 4.05 5.31 3.65 5.01
CoCl,-6H,0 in EG:ChCl 7.24 7.55 8.07 9.19 7.86 9.07
(4.5:1)
C0S0,-7H,0 in EG: ChCl 7.30 7.62 8.14 9.34 8.14 9.34
(4.5:1) (merged with x)  (merged with z)  (merged with b) (merged with a)
Extent of the shift from EG: 3.94 3.91 4.02 3.88 4.21 4.06
ChCl (4.5:1) for chloride
system
Extent of the shift from EG: 4.00 3.98 4.09 4.03 4.49 4.33

ChCl (4.5:1) for sulfate
system
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of mixed ligand complexes playing a role and consistent with
the FTIR data. The coordination data also indicates a minor
role for EG coordination to Co*" in the sulfate-containing
system with a ~10% population of bidentate coordinated EG
(coordination number is 2 as shown in Fig. 5b), which is in
agreement with the observations from '"H NMR spectroscopic
analysis. In contrast, the chloride system showed a relatively
reduced amount of EG bidentate coordination to Co>" (Fig. 5b).

The sulfate-containing system was subsequently studied
using a ratio of 1 Co*" to 120 EG, corresponding to the
experimental concentration (0.1 mol L™ "). All three replicates
of the production run yielded Co-sulfate coordination. The
RDF for this system further confirmed a higher likelihood of a
monodentate sulfate-Co coordination and furthermore, sug-
gested a mixed ligand environment in the first coordination
shell (Fig. S9, ESIT).

Some of the mixed ligand complexes noted above, including
H,O0 and EG in the first coordination shell, were observed in an
octahedral geometry (Fig. S10, ESIT). Nonetheless, this propor-
tion is a minority with only ~14% of the Co** featuring this
geometry. However, this is still a significant increase compared
with its chloride salt counterpart where ~ 3% of the cobalt were
in the octahedral geometry. In this 14% octahedral population,
EG was almost always coordinated to the Co®" (Fig. S11a, ESIY).
Further probing this octahedral coordination in the sulfate

This journal is © the Owner Societies 2024

system, it was noted that water coordination was almost always
accompanied by the EG and sulfate being coordinated to the
Co®" (Fig. S11b, ESIt). Water coordination was also observed in
FFMD studies reported by Bezerra-Neto et al. and Bezerra et al.
of Cu** and Co®" respectively in the 2:1 EG : ChCl composition
where both studies contained approximately similar amounts
of water molecules as our study.*®”?

The sulfate oxygen (O(SO,)-O(H,0)) RDFs (obtained for any
sulfate in the liquid, coordinated or not), shown in Fig. 6a,
confirm the dominance of sulfate-water interactions compared
to the other species in the liquid. H-bonding analysis of the
water interacting with the sulfate that is coordinated to Co**
showed that over the 10000 frames, there were 145511 H-
bonds between a water and a SO,>~ anion coordinated to a
Co**, indicating an average number of H-bonds at any point in
time in the sample of ~15. The probabilities of water being in
the second sphere supporting sulfate coordination to the Co>*
are also higher than 50% as shown in Fig. 6b.

Ab initio molecular dynamics (AIMD) simulations

To further investigate the stability of the structures predicted
using the FFMD simulations, AIMD simulations based on 1
Co** were explored. Therefore, AIMD was carried out based on
initial geometries in 2 different tetrahedral complexes;
[CoCL]> (Fig. 6c(i)), [CoCl3(SO4)]*~ (Fig. 6c(ii)) and one
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octahedral complex composed of possible mixed ligands from
the electrolyte, [CoCl,(EG)(SO,)(H,0)]*~ (Fig. 6d).

The tetrahedral complexes [CoCl,]*~ and [CoCl;(SO4)]P~
showed no significant structural variation over the duration
of the AIMD simulations (~20 ps) indicating that these com-
plexes are stable. The calculated bond lengths of Co-Cl were
found to be 2.25 A in both systems, and the bond length of Co-
0SO0; in the sulfate system was 1.95 A.

The octahedral complex [CoCL(EG)(SO4)(H,O)J*~ (initial struc-
ture in Fig. 6d) begins to convert into a tetrahedral structure after 6
ps; the initial and final structures for this trajectory are shown in
Fig. 6d. The main changes were the removal of a CI”~ from the first
coordination shell of the cobalt. Additionally, the EG, which was
previously bidentate, changed to a monodentate coordination.
One of the oxygens of the EG continued to undergo coordination
and decoordination to the Co®>" at a high rate. However, the
coordination of the H,0O and SO,>~ to the Co** remained stable
throughout the trajectory of length 10 ps. This suggests that a
tetrahedral mixed ligand Co complex with EG, H,0, SO,>~ and Cl~
coordination can exist. The sulfate coordination in the resultant
tetrahedral complex described above can be stabilised through the
hydrogen bonding conferred by the presence of water (Fig. 6d).

Additionally, this mixed ligand complex is anticipated to be
electrochemically active as opposed to the homoleptic [CoCl,]*~

21094 | Phys. Chem. Chem. Phys., 2024, 26, 21087-21098

complex which has been reported as electrochemically inactive
in the literature.*>*® Even though the chloride system forms
[CoCL,J>~ as the dominant complex, the presence of high
amounts of EG in excess compared to Cl~ (Co*":EG = 1:120
vs. Co®":Cl™ = 1:28) in the electrolyte could have an impact on
Co electrochemistry. For instance, 'H NMR spectroscopic study
shows the probability of EG coordination to the Co®" in the
chloride system.

As a control study, AIMD simulations of a cobalt complex
consisting of two EGs, a monodentate sulfate, a CI~ and no H,O
in the first coordination shell were conducted (Fig. S12, ESIt).
Over 10 ps of AIMD trajectory, this geometry featured the
removal of a sulfate from the first coordination shell, and the
replacement of an EG with another EG molecule. Therefore, in
this scenario the sulfate coordination is unlikely and provides
further evidence that the presence of water may stabilise sulfate
coordination.

In summary, Co> in both systems supported tetrahedral
coordination, in agreement with the results obtained by UV-vis
and EPR spectroscopy. The sulfate anion exclusively supported
monodentate coordination to Co®" in the sulfate system, which
also agreed with the obtained FTIR spectra. However, using
FFMD and AIMD simulations, the possibility of other coordina-
tion structures was indicated, which may be present in small
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quantities. These include structures supporting a bidentate EG,
monodentate sulfate, a CI~ and a H,0O. AIMD simulations
further suggest that these structures can exist as tetrahedral
structures.

Conclusions

The correlation of electrochemistry with Co®" speciation has been
studied for an all chloride electrolyte (CoCl,-6H,0) and a sulfate
system (CoSO4-7H,0) both in EG:ChCl (4.5:1). Our previous
study showed that, among both systems, the sulfate system is
more favourable for Co*" reduction and also leads to an electro-
deposit containing higher Co metal content, probably due to the
presence of sulfate anion as an additive in the electrolyte. The
results of this study obtained from UV-vis spectroscopy, EPR
spectroscopy, FFMD simulations and AIMD simulations showed
that Co*" forms a tetrahedral complex as the dominant structure
in both sulfate and chloride systems. A difference in the chemical
shift values of the protons was observed in 'H NMR spectra
between the two systems, demonstrating a different chemical
environment of Co* in the two systems. For instance, a higher
probability of EG coordination to Co*" in the sulfate system was
indicated compared to the chloride system.

FTIR spectroscopy and MD simulations suggest the mono-
dentate coordination of SO,>~ to Co>" in the sulfate system,
indicating the existence of [CoCl;(SO4)]°” as the dominant
structure (80%), whereas in the chloride system, CoCl,*>~ was
the dominant structure (95%), corroborating the difference in
the coordinated ligands to Co** in the two systems. Interest-
ingly, high H,O content in the sulfate system could promote the
Co®" coordination with the SO,>~ and EG revealing the impor-
tance of the presence of H,O in an electrolyte for forming a
mixed ligand coordinated Co** and easing the electrochemical
reduction to Co metal. Additionally, simulations suggest the
presence of sulfate can support mixed ligand cobalt complexes
involving monodentate sulfate, EG, water and chloride.
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